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SUHMkR'r 

Mu;tlple l l n e a r  regression ana lys i s  was used t o  determlne an equat ion f o r  
est lmat lng ho t  co r ros ion  a t t a c k  f u r  a se r les  c f  N1-base cas t  t u r b l n e  a l l o y s .  
The U-t7ansform ( I - e . ,  s ln - I  (%AA/100)1/2) W d S  shown t o  gSve t h e  "best '  e s t l -  
matt: c f  the dependent va r iab le ,  y. A ccmplete second degree equat lon I s  
described f o r  t he  'centered" weight chernlstr les f o r  t he  elements Cr,  A l ,  T I ,  
no, U, Cb, Ta, and Co. I n  a d d l t l m  l l n e a r  terms f o r  t h e  mlnor elements C, 8, 
and Zr were addded f o r  a baslc 47-term squation. The 'best" rec'uce3 eouat ion 
was determlned by the  stepwfse s e l e c t i o n  method 4 t h  e s s e n t l a l l y  13 terms. 
The Cr term was faund t o  be the  most tmpor t rn t  account ing f o r  60 percent  o f  ! 

10 percent Co w l t h  the  r e s t r l c t l o n  t h a t  the t o t a l  r e f r a c t o r y  metal content  I s  J 
4 not t o  ekceed 2G percent t he  most r e s l s t z r : t  a l l o y  'Is p r z d l c t e d  t o  be Nl-'LOCo-e 

Cr-4Ti-7Al-lOW-5Mo-5Ta w i t h  t k ?  nomlnal C, B ,  and Zr v a r i a t i o n s  n o t  c r l t l c a l .  
I f  the Co l e v e l  were reduced to 0 percent and even m x e  I -es ls tant  a l l o y  i s  
est lmated t o  be #1-8Cr-4T1-4Al-!OTa-SMo-5U. ?he regress101 ana lys i s  descr ibed 
here ln explalned roughly 79 percent o f  the t o t a l  v a r l a b l l l t y  w l t h  a 13-term 

1 

1 equat lsn.  O f  t he  r e m l n l n g  2: Dercent res ldua l  e r r o r ,  on l y  2 percent was shown 
t o  be experlmental i n d i c a t i n g  gcod c o n t r o l  o f  t h e  experlnrent. 
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w I the explalned v a r l a b l l l t y  fo r  t u r b l n e  a l i o y s .  A t  a typ?cs; Cr l e v e l  of 8 and 

I 

INTRODUCTION 

I n  a prevlous study ( r e f .  1 \  ;rtu?tlp:e l l n e a r  regresslor1 techniques were 
successfu l ly  used t o  analyze hlc,'i temperature c y c l l c  o x l d a t l o n  data as a func- 
t l o n  o f  sample a l l o y  content.  A se r les  o f  cas t  n lckel-base y/y' a l l o y s  were 
formulated t o  represent a one-qu.irter r e p l i c a t e  o f  a 2 l - f a c t o r l a i  s t a t l s t l c a l  
deslgn f o r  t w o  l e v e l s  o f  Cr, 81, T i ,  Mo, W ,  Ta and Cb content.  
were supplemented by 18 a d d l t j c n i l  a l i o y s  w l t h  composltlons w l t h l n  the  s t a t l s -  
t l c a l  deslgn. For a l :  50 compcslt lons, the l e v e l s  o f  Cc, C, Zr, and B ( s o -  
c a l l e d  "tramp" va r lab les )  were nomlnal ly  he ld constant.  A regress lon model 
was developed whlch was based on the  seven deslgn va r lab les  and fou r  tramp 
va r lab les  w j t h  t h e l r  l l n e a r  terms p lus  f i r s t  order I n t e r a c t i o n s  f o r  the deslgn 
va r lab les  v i t k  an a t tack  pardmzter as the  dspenent va r lab le .  The l n l t l a l  model 
equzt lon In+,lved 32 terms a t  a 90 percent r e j e c t l o n  l e v e i .  F rom t h i s  an 
r s t l m a t l n g  equatlon was evolved which had 10 t e r m s  a t  each o f  t w o  t e s t  tempera- 
tures and explained 93 percent o f  t he  t o t a l  v a r l a b l l l t y .  

Those 32 a l l o y s  

This $am. approach has now been used t o  analyze burner r l g  h o t  c c r r o s l o n  
d3ta o b t a i n x l  for the  same a l l o y  cumpcslt lons used I n  the c y c l l c  o x l d a t l o n  
study. In i t d d l t l o n  t o  these cnmposlt lons, 36 other d l l o y  samples w e r e  a l s o  
tested !?I the hot  corros ion l n q e s t l g a t l o n  ( r e f .  2 ) .  Rat lona-- !  f o r  a l l o y  coin- 
p o s l t l o n  sr:iec:lon, t e s t  procedyres. and e x p e r l m w t a l  r e s u l t s  are d e t a l l e d  by 
Deadmore ( r e F .  ?!. The prlnnarv a t t a c k  parameter l d e n t l f l e d  by Oeadmore was 
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t he  percentage change I n  cross-sect lonal  area ( U P )  o f  a wedge-shaped btirner 
bar measured a f t e r  300 l - h r  cyc les o f  h o t  corroslon t e s t l n g  a t  900 O C  t n  the  
flame c f  a Mach 0 . 3  burner r l g  seeded w l t h  0.5 ppm Na as NaC1. 

The baslc approach used here was t o  f i n d  t h e  'best' i r a n s f o r m a t l c n  o f  the 
dependent va r lab le ,  U A ,  us lng composltlons (here welght percent)  l n  the  s ta-  
t l s t l c a l  deslgn f l e l d .  
c o r m r c l a l  a l l o y s  were added t o  expand the  mcu'el t o  Inc lude  c o h l t  l e v e l  va r la -  
t l o n s .  Finally, t h e  model equat lon was tes ted  by apply lng l t  io t e s t  da ta  
obtalned to: 16 s l m l l a r  comnerclal and experlmental nl:kel-base t u r b l n e  
supera l loys.  

Then an a d d l t l o n a l  group o f  t e s t  values for m o d l i l c d  

RESULTS AND DISCUSSION 

The t e s t  r e s u l t s  f o r  t he  94 burner rlq bars a re  l l s t e d  I n  t a b l e  I along 
w l t h  the  a l l o y  deslgnat lon,  bar number, and a l l o y  chemlst r les I n  welght percent 
(ut 96). The a l l o y  a t t a c k  IC i n  terms IJF  percent cross-sectional area charge, 
tar-ed M A ,  as measured m e t a l l o g r a p h l c a l l y  a f t e i -  t he  t e s t  I s  completed and 
the  sample I s  c u t  and mounted. The a l l o y  bars were exposed for  300 1-hr cycles 
t o  a j e t  f u e l  and a l r  f lame doped w i t h  0.5 ppm Na a5 NaCl ewlronment  a t  900 O C  

l n  Mach 0 . 3  burner r i g s .  

The data a re  dl.ided i n t o  two separate groups f o r  purpose of ana lys l s  as 
l n d l c a t e d  I r !  t a b l e  I .  I n  the  flrst group dre a se r les  o f  s t a t l s t l c a l l y  
designed Nl-Base y/y' a l l o y s  w l t h  10 w t  n, Co-0.05 ut w ,  Zr-0.10 w t  X, 
C-0.01 B and w l t h  h igh  or l o w  l e v e l s  o f  Cr, A l ,  11, W, No, Ta, and Cb. These 
a l l o y  composlt lons a re  based on a one-quarter r e p l l c a  o f  a z7 f ac to r ' l a l  deslgn 
supplemented w l t h  18 a d d l t l o n a l  deslgn composit lons. Thls group Inc ludes e l g h t  
sets  o f  r e p l i c a t e s  mlnus a bar o f  a l l o y  M-33 u h l c h  was l o s t .  To t h i s  baslc j e t  
o f  57 samples a re  added an a d d l t l o n a l  group o f  2'1 samples t h a t  a re  v a r l a t l o n s  
I n  most cases o f  t he  a l l o y s  U-700 and MAR-M-247 u t t h  selected l e v e l s  o f  coba l t .  
ThJs grouplng I s  termed t h e  n = 78 data s e t .  The second grouplng def ined as 
t h t  n = 94 data se t  Inc ludes the  n = 78 data s e t  as w e l l  as 16 a d d l t l o n a l  
a l l c y  samples used f o r  t e s t l n g  p r e d l c t a b l l l t y o t  t h e  de r l ved  es t lma t lng  equa- 
t l o r i .  T e s t  r e s u l t s  f o r  t h e  data se t  leaa t o  t h e  baslc model regress lon equa- 
t l on  used t o  est lmate co r ros lon  y I n  terms o f  a l l o y  chemlstry de j l gna ted  i n  
welght percent by the element abbrev lat lons 

y = a. + blAl + bZCr + ... bl,B + b12Al 2 + b Cr 2 t ... b, gTa2 13 
t b19A1 Cr + b20Al T I  + ... b47Ta Co S.E.E. 

Thls I s  a complete second degree es t lma t lng  equat lon + n  terms o f  A 
11, no,  W, Cb, l a ,  and Co along u l t h  l l n e a r  terms o f  Zr, C, and B f o r  a 
o f  47 t e m s .  A nomlnal r e j e c t t o n  l e v e l  o f  0.900 ( f  = 2.08) was used by 
stepwlse method ( r e f .  3 )  and analyzed by means o f  H l N I T A C  on an I B M  370 
pu te r .  Also I n  the  analys ls  each e1en;ental welght percent was adjusted 
"centered" by sub t rac t l ng  the group mean ( r e f .  4 ) .  I n  equatqon (1 )  S.E 
stands f o r  t he  Standard Error o f  Estlmate. 

The s t ra tegy  I n  regress lon analysts  I s  t o  reduce the  number o f  t e r m s  I n  
the o r l g l n a l  estlmat:ng equat lon as f a r  as  poss lb le  w h l l e  s t l l l  exp la ln lng  as 
much o f  t he  t o t a l  v a r l a b l l l t y  as  poss lb le  w l t ?  t he  lowest poss lb le  S.E.E. Thls 
I s  termed the c o e f f l c l e n t  of  rnu l t t p le  determlnat lon d e s l g w L e d  as R 2 .  I n  the 
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t h e  case o f  a p e r f e c t  f i t  R 2  I s  100 percent.  In a d d l t l o n  t h e  eql iat lon should 
be ab le  t o  p r e d l i t  r e s u l t s  f o r  the same a l l a y  var fab les (here a l l o y  chen ls t r y )  
f o r  values s l m l l a r  t o  those used t o  d e r l v e  the  regress ion c o e f f l c l e n t s .  

A major problem I n  us lng equatton (1 )  Is t o  determlne t h e  proper t raps-  
format lon o f  t h e  dependent v a r i a b l e  y. Three p o s s l b l e  chalces are: %AA 
( l l n e a r ) ,  log10 ( U A ) ,  and a t h l r d  U = s i n - l  (%8A/100)1/2 ( r e f .  5 ) .  The 
U-transform Is o f t e n  used I n  co r ros lon  s tudfes where a - t t a rk  Is sometlmes 
descr lbed I n  terms o f  a percentage o f  a p i p e  w a l l  consumed. A l l  t h ree  of t he  
above transformat lons were t r i e d  on a subset o f  t he  n I 78 data set  I n v o l v i n g  
the 57 nri?!na! fesf  c l%!os .  ?hc L' ~ r z ! 5 f c r F 2 ~ ? c ~  G.ppc;:CC! t 6  k thG b E 5 i  S f  
t he  th ree  g1v:ng the  h lghest  R 2  f o r  t h e  same bas lc  modellng equat lon.  When 
these estimates a re  then transformed back t o  the  l i n e a r  values and compared t o  
the  o r l g l n a l  t h e  U-transformat ion Is s t l l l  super ior .  Thls  was determlned by 
sub t rac t l ng  t h e  o r l g l n a l  M A  from the  der lved value transformed back t o  a 
U A  est imate,  t a k l n g  t h e  absolute value, and then averaging a l l  t h e  values. 
.:or t h l s  study t h l s  value w l l l  be def lned as t h e  average d e v l a t l o n .  On t h l s  
tas l s  t h e  U-tranform appears s a t l s f a c t o r y  and t h e  best  ava l l ab le .  
b;ed e x c l u s i v e l y  f o r  t h e  remalnder o f  t h e  ana lys i s .  

I t  u l l l  be 

The r i  = 78 data se t  contalns 14 sets  of r e p l i c a t e s .  These a re  t e s t s  
preformed on l d t n t i c a l  samples from the  same a l l o y  heat.  Here they were t e s t e d  
randomly throughout t h e  th ree  phases o f  t h e  program t c  g l v e  a measure o f  t h e  
eAperImenta1 e r r o r .  They were n o t  necessa r l l y  r u n  together  d u r l n g  the  same ruc 
or even I n  t h e  same t e s t  r l g  I f  run  a t  d l f f e r e n t  tlmes. Thls  "exper imental"  
e r r o r  1s thought t c  be more r e a l l s t l c  because It contains any r l g - t o - r i g  and/or 
r u n - t o - r u n  v a r l a b l l t y  contounded w l t h  t h e  r e p l i c a t e  e r r o r .  Table I1 I l s t s  t h e  
14 r e p l l c a t e  t e s t s  separately by t h e  bar number along w l t h  the M A  value and 
the  U-tranform t h a t  belong t o  th; n = 78 data set .  
a l s o  l i s t e d  b u t  I t  belongs t o  the  l a s t  group o f  16 tested.  

A 15 th  r e p l l c a t e  se t  is 

The regress lon ana lys l s  performed on t h e  n = 78 data set  1: sumrarlzed I n  
t a b l e  111. A t  t he  r e j e c t l o n  l e v e l  chosen based on the o r l g i n a i  47 term model 
( l .e . ,  Z 1  = 47) a t o t a l  of 12 (1.e.. Z f  : 12) c o e f f l c l e n t s  a re  s l g n l f l c a n t  
I n c l u d l n g  seven o f  t h e  e l g h t  maln e f f e c t s :  A l ,  Cr, T I ,  no, W, Cb, TG, b u t  n o t  
Co. There a r t  f l v e  two- factor  term:: A1 no, A1 W ,  A1 Ta, Cr W and 
KO e Co. However, because Co Is consldered so Impor tant  I t  was added back I n  
the  model and the recress ion was recomputed. This ::,lysis Is s u m r l z e d  t n  
the  second p a r t  o f  t he  tab le .  
modate t h e  Co c o e f f t c i e n t  u l t h  Ftandard e r r o r  o f  e s t i m a t e ,  S.E.E. s l i g h t l y  
ra i sed  from 0.1100 t o  0.1108. Both reduced equatlons e x p l a i n  c lose  t o  
74 percent o f  t he  t o t a l  v a r l a b l l l t y  (1.e.. R2 = 73.8 and 73.8, r e s p e c t l v e l y ) .  

The c o e f f l c l e n t s  a re  s l l g h t l g  a l t e r e d  t o  accom- 

The der lved U-transform estlmates f rom the  reduced 13-term model equat lon 
f o r  t he  n = 78 Ghta set  a re  p l o t t e d  I n  f l g u r e  1 versus t h e  orSglnal  %AA 
value: u.cing the  U-transform. A p e r f e c t  f l t  would f a l l  a;ong the  dlagonal  
s t r a l g h t  l l n e  passlng t h r u  the  o r l g l n .  The t w o  p a r a l l e l  l i n e s  bounding the  
dlagcrnal l l n e  represent one standard dev ia t i on ,  S = 20.1108. The data p l o t t e d  
1 5  broken I n t o  two groups: t he  c l r c l e s  represent the  o r l g l n a l  M-serles f a c t o -  
rial deslgn a l l o y s  of 57 samples w h i l e  the squares represent the  a d d i t i o n a l  
supplement t o  makeup the  f u l l  n = 78 aata se t .  Posslbles o u t l i e r s  (>+2 s) 
are shaded and t h e i r  b3r numbers Ind lcated.  Possible o u t l l e r s  a re  automat- 
l c a l l y  " f lagged"  I n  most regress ion ana lys l s  pf'ograms u s u a l l y  a t  values t h a t  
exceed 52 sicndard dev la t l ons .  I t  .Is up t o  the  l n v e s t l g a t o r  t o  determine 
whether there i s  some phys lca l  rezson t o  r e j e c t  any o f  these data p o l n t s .  
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Usual ly about 5 percent o f  t h e  t e s t  values would be expected t o  f a l l  w t t h l n  2 
t o  3 i t andard  d e v i a t l o n  u n l t s .  Values t h a t  exceed 23 standard d e v l a t l o n  u n i t s  
a re  more aDt t o  be t r u e  o c t l l e r s .  Based on these c r i t e r i a  these f l v e  r e s u l t s  
were re ta lned  I n  t h e  ana lys l s .  
Included I n  the t a b l e  a re  t h e  U-estlmates f o r  t h e  reduced 12-term model as w e l l  
w i thout  the Co term. 

A11 U-values a re  l l s t e d  ? n  t a b l e  I V .  Also 

Kote they a r e  extremely c lose.  

A p l o t  o f  t h e  res idua ls  ( 1 . e  , Ut-obs - Ul-est ) ,  ( f l g .  2), shows a near l y  
complete random nature.  
l t y  o f  t h l s  13-term equatlon. 

Tnls  I n d i c a t e s  t h e r e  1 s  no reason t o  r e j e c t  t h e  v a l l d -  

I f  the  f l v e  poss lb le  o u t l l e r s  shown i n  f l g u r e  1 a r e  dropped and t h e  13 
c o e f f i c i e n t s  a re  recomputed t h e  RZ :s r a i s e d  Po 84.2 percent from t h e  o r l g -  
l n a l  73.8 percent.  The S.E.E. drcps t o  0.0827 from 0.1108. Thls technique 
c w l d  be used t o  improve t h e  model equat lon p r o v l d l n g  these a re  t r u e  o u t l l e r s .  

A more p r a c t i c a l  t n d l c a t o r  o f  t h e  v a l l d l t y  o f  t h e  f l n a l  reduced model i s  
how w e l l  t he  %Ah e s t l n a t e  de r l ved  from the U-transform estlraate agrees w l t h  
the  o r l g l n a l  %A values. These were generated by MINITAB by t a k l n g  t h e  s lpe  
o f  the U-transform, squar ing I t  and m c l t l p l y l n g  by 100. 
agalr i t  the  u r l g l n a l  M A  values I n  f l g u r e  3 f o r  Zf = 13. Aqaln the  values 
should f a l l  an t h e  d lagonal  s t r a l g h t  l l n e  f o r  a p e r f e c t  f l t .  
a t l o n  computed from the  abso;ute d l f f e r e n c e  as descr ibed above forms t h e  upper 
and lower bounds w l t h  a value o f  24.78. 
a re  shown a lso.  
tends t o  underestlmate t h e  a t t a c k  I n  the  h lghe r  consumptlon reg lon  of 
40 percent and greater .  

These a re  p l o t t e d  

The average dev l -  

The poss lb le  o u t l l e r s  f rom f l g u r e  1 
I n  general  t h e  f i t  appears s a t l s f a c t o r y  al though the  model 

The u l t l m a t e  t e s t  on t h e  v a l l d l t y  o f  t h l s  regress lon model approach I s  how 
vel1 i t  p r e d l c t s  co r ros lon  r e s u l t s  f o r  a se r les  o f  most ly  comnerclal Nl-base 
turb!ne a l l o y s  s l m l l a r  I n  composl t lon t o  t h e  n = 78 data se t .  These a re  bars 
81 t o  96 l i s t e d  I n  t a b l e  I. Table V l l s t s  the  %A and U-transforms f o r  
these 16 bars as w e l l  as t h e  U-transforms and %A est lmates de r l ved  from the 
U-transform f o r  t he  n = 78 s e t  c o e f f l c l e n t s  l l s t e d  I n  t a b l e  111. F igure 4 
show the U-transform p l o t  f o r  t he  2 = 13 (1.e.. 17 plus Co) se t  o f  c o e f f i -  
c l e n t s .  The p e r f e c t  f l t  l l n e  a long u l t h  the  1 u p a r a l l e l  l i n e s  a re  a l s o  shown. 
Ten o f  the 16 p red ic ted  values f a l l  w l t h i n  the  1 u standard devlat:on l l n e  w l t h  
on l y  one value, bar 85 t h e  experlmental a l l o y  IV-E,  as a poss lb le  o u t l l e r .  
Since 12 of t h e  16 a re  below t h e  p e r f e c t  f l t  l l n e  the re  I s  a tendency as before 
t o  underestlmate the degree o f  a t t a c k .  F igure 5 shows the  der lved M A  
estimates f o r  t he  16 bars p l o t t e d  aga lns t  t he  ac tua l  values. 
and average d e v l a t l o n  p a r a l l e l  l i n e s  a re  shown a lso.  

The p e r f e c t  f l t  

The f l n a l  step i n  t h l s  ana lys ts  I s  +o use a l l  94 data values ( l n c l u d l n g  
one a d d i t i o n a l  se t  o f  replicate samples) anti perform E f l n a l  regress lon 
analysts  us lng the  U-transform s t a r t i n g  w l t h  the  same 47-term equat lon w l t h  
the same approx'imate 0.900 r e j e c t l o n  c r l t e r l o n .  The equat lon reduces t o  12 
c o e f f i c i e n t s  bu t  agaln o n l t s  a Co maIn e f f e c t  t h a t  I s  then added back I n .  
These t e r m s  a re  sumar l zed  I n  t a b l e  V 1 .  The r e s u l t s  a re  q u i t e  j lm ' l l a r  t o  those 
f o r  the n = 78 data s e t  as s u m r l t e d  I n  t a b l e  111. Two mlnor t e r m s  the 
Cr W and Mo Co a re  replaced by a W Co and T I 2  terms. 
when taken together they account f o r  under 5 percent o f  t he  t o t a l  explalnod 
v a r l a b l l l  t y  . 

how eve^', 

! 

I 
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For the  sake of b r e v l t y ,  t a b l e  V I 1  l l s t s  t h e  U-transform est lmates and 
der?ved =A est lmates f o r  t he  n = 94 data s e t  on l y  f o r  bar numbers 81 t o  96 
f o r  the Zf  = 13 (1.e. .  12 p lus Co) set  o f  c o e f f t t l e n t .  These can be compared 
t o  s l c l l a r  values I n  t a b l e  V .  F lgure 6 cross-p lo ts  t h e  U-estimates i n  
tab les V and VI1 versus U-observed values. I t  shows t n e  improvement as would 
be expected addlng an a d d l t l o n a l  i 6  data p o l n t s  t o  the regress ion ana lys l s  and 
then lnc lud tng  these 16 a l l o y  chemlst r les I n  p r e d l c t l n g  the U-tranforms and 
t h e i r  der lved U A  estimates. F lgure 6 shows bo th  sets  o f  U-estlmates us ing 
I n  both cases t h e  Z = 13 (12 p lus  Co) i o e f f l c l e n t s ,  respec t i ve l y .  F lgure 7 1 5  
a s l m l l a r  p l o t  f o r  t he  M A  values. 

T i l l s  f i n a l  e r t l m t l n g  eauat lon wa!: a l s o  used t o  p r e d i c t  resu l t ;  f o r  an 
a d d i t i o n a l  set  o f  s t a t l s t l c a l l y  deslgned a l l o y s  ( r e f .  6)  whlch a re  c u r r e n t l y  
belng tes ted  an3 evaluated. 
approach. 

I t  w i l l  f u r t h e r  t e s t  t h e  v a l l d l t y  o f  t h l s  

As more data becomes a v a i l a b l e  i t  can be added t o  t h e  baslc data sets  and 
equat lon (1)  can be reanalyzed or even expanded w l t h  new va r lab les  and/or 
o the r  regress ion c r l t e r l a .  One would l i k e  t o  d r i v e  t h e  R 2  values t o  over 
90 percent as was done f o r  c y c l l c  oxlda:?on f o r  a s l m l l a r  group o f  a l l o y s  
( r e f .  1). But t h l s  I s  n o t  so c r l t l c a l  as g l v l n g  'good' p r e d l c t a b l l t t y  f o r  
s i m l l a r  a l l o y s  whlch have n o t  as y e t  been Incorporated I n  t he  es t lma t lng  
equa t 1 on. 

The r e p l l c a t e  runs I n  each data set  a re  use fu l  I n  eva lua t l ng  t h e  model. 
because the re  a re  r e p l t c a t e s  t h e  r e s l d u a l  e r r o r  ( t .e. ,  sum o f  squares) can be 
broken I n t o  two components - the  experlmental e r i o r  and t h e  l a c k  o f  f i t .  Thls 
t c t a l  res ldua l  e r r o r  accounts f o r  j u s t  under 21 percent  o f  t he  t o t a l  v a r l a -  
b l l l t y .  O f  t h l s  t o t a l  e r r o r  t h e  r e p l l c a t i o n  component i s  q ~ l t e  small ,  j u s t  
under 2 percent.  Thls t e l l s  us t h e  experlmental runs and t e s t  a l l o y s  were 
c l o s e l y  c o n t r o l l e d  w l t h  good r e p r o d u c l b l l l t y .  Thus I f  we a re  t o  d r i v e  t h e  
R2 t o  over 90 percent  we have t o  do i t  by lmprovlng t h e  model r a t h e r  than 
r e f l n l n g  the  t e s t .  

The model might be mod l f l ed  enough so the c r l t l c a l  F r a t l o  I n  t c b l e  VI11 
fo r  example would f a l l  below a value o f  2.15. Thls could Inc lude  a l t e r l n g  t h e  
o r l g l n a l  47-term model as g lven I n  b.;uatlon (1 ) .  f i n d i n g  even a b e t t e r  t rans -  
formation than the  U-transform used here or p i n - p o l n t l n g  any t r u e  o u t l i e r s  and 
drop them f r o m  the  model. Thls would be t h e  u l t l m a t e  goal  f o r  t h l s  type o f  
ana lys l s .  I n  t h e  meantlme the  e x l s t i n g  ana lys l s  appears s a t l s f a c t o r y  f o r  a 
number o f  app l l ca t l ons .  Table V L ! I  show; a s u m r y  o f  t h e  ANOVA (Analys ls  o f  
Varlance) f o r  t he  n = 94, Zf = 13 data s e t .  

The es t lma t lng  equat lon(s)  can be used t o  note the  e f f e c t  c f  t he  var lous 
a l l u y  cons t l t uen ts  and l n  theory t o  d?slgil a l l o y s  t h a t  hdve low a t tack  ra tes .  
By f a r  the most Important element I s  Cr whlzh i n  general  should be as h l g h  as 
poss lb le .  The A 1  l e v e l  should be as l o w  as poss lb le  urtless, W, Ta, and no are  
present.  Co i n  general i s  de t r imen ta l  though t h e  e f f e c t  l j  smal l .  The other  
e f f e c t s  a re  l n t e r r e i a t e d .  Thls ana lys l s  I s  sumnarlzed I n  t a b l e  I X  f o r  t he  
n = 94 data set  f o r  t h ree  t y p l c a l  Cr l e v e l s  o f  8,  12, and 16 percent a t  t h r e e  
t y p l c a l  Cc leve l :  o f  0, 5, and 10 percent .  The U-values can be computed f o r  
each o f  these 9 s e t s  and 11 l e v e l s  o f  A1 (2 .0 ,  2.5, 3.0, 3.5, ... ? . O ) ,  6 
l e v e l s  o f  T I ,  (0, 1, 2, 3 ,  4, 5 )  and 3 l e v o l s  each ( l o w ,  medium, and h lgh )  o f  
n o ,  Cb. W, and Ta. These 5346 values I n  each se t  can be scanned f o r  the 
mlnlmum s f  U-values. 

*. :i 
L 
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I n  a c t u a l  comnercial t u r b i n e  a l l o y s  the  t o t a l  Tef ractory  metal cor i tent  
r a r e l y  exceeds 20 percent.  I f  t n i s  r e s t r i c t i o n  I s  imposed on t h e  es t ima t ing  
equat ion used above t h i s  reduced t o  4422 values i n  each o f  t h e  n i n e  sets .  
Table I X  show t h e  r e s u l t s  when these sets  are scanned f o r  t h e  (ninimum value 
o f  U-estimated. 
t h e  negat ive reg ion  which i s  e f f e c t i v e l y  zero a t t a c k .  The r e s u l t s  a r e  q u i t e  
s i m i l a r  f o r  t h e  optimum composi t ion l e v e l s  f o r  range o f  0 t o  10 Co, and 8 t o  16 
C r ,  Cb I s  0, and T I  i s  4 i n  a l l  t h e  minimum cases. A1 somewhat s u r p r i s i n g l y  
1s a t  I t s  maximum s ince t h e  i n t e r a c t i o n  terms w i t h  Id, Ta, and Mo o v e r r i d e  t h e  
s i n g l e  +A1 term. The o n l y  d i f f e r e n c e  i s  a t  0.Co where t h e  minimum 1s a t  5.W 
and 10.Ta w h i l e  a t  t h e  S and 1O.Co l e v e l s  these composit ions a re  reversed. 

I n  f o u r  o f  t h e  n i n e  sets  the  U-estimate value i s  a c t u a l l y  i n  

Since these opt imal  a l l o y  composit ions a r e  near t h e  extremes o f  t h e  a l l o y  
sample space where t h e  sampling e r r o r  i s  h ighe r  than t h e  t e n t e r  o f  t h e  data, 
e x t r a p o l a t i o n  should be checked by f u r t h e r  experimentation. 

SUMMARY OF RESULTS AND CONCLUSIONS 

M u l t i p l e  l i n e a r  regress ion ana lys i s  was used t o  de+wn ine  an est fmat fng 
equat ion f o r  h o t  co r ros ion  a t t a c k  f o r  a se r ies  o f  Ni-base c a s t  t u r b i n e  a l l o y s .  
The U-transform (i.k., sin-' (%%A/100)1/2) was shown t o  g i v e  t h e  "best*  es t1  
mate o f  t h e  dependent va r iab le ,  y. 
descr ibed f o r  t h e  "centered" weight  chemist r ies f o r  t h e  elements C r ,  A l ,  T i ,  
no, W,  Cb, Ta, and Co. I n  a d d i t i o n  l i n e a r  terms f o r  t h e  minor elements C, B, 
and Z r  were added f o r  a bas ic  47 te rm equation. The "best"  reduced equat ion 
was determined by t h e  stepwise s e l e c t i o n  method w i t h  e s s e n t i a l l y  13 terms. 
The C r  term was found t o  be t h e  most impor tant  account ing f o r  60 percent  of 
t h e  explained v a r i a b i l i t y  f o r  t u r b i n e  a l l o y s .  A t  a t y p i c a l  C r  l e v e l  o f  8 and 
10 percent Co w i t h  t h e  r e s t r i c t i o n  t h a t  t h e  t o t a l  r e f r a c t o r y  metal  contest  i s  
n o t  t o  exceed 20 percent t h e  most r e s i s t a n t  a l l o y  i s  p red ic ted  t o  be NI-1OCo-8 
Cr-4Ti-7A1-10W-SMo-5Ta w i t h  t h e  C, 6, and Z r  v a r i a t i o n s  n o t  c r i t i c a l .  I f  t h e  

d 

A complete second degree equat ion i s  

Co l e v e l  were reduced t o  0 percent  and even more r e s i s t a n t  a l l o y  i s  es t ima t  
t o  be Ni-8Cr-4Ti-4Al-lOTa-SM0-5W. The regress ion ana lys i s  descr ibed he re in  
explalned roughly  79 percent  o f  t h e  t o t a l  v a r i a b i l i t y  w i t h  a 13-terms equat 
O f  t h e  remaining 21 percent  r e s i o n a l  e r r o r ,  o n l y  2 percent was shown t o  be 
experimental ! nd i ca t i ng  good c o n t r o l  o f  the Pxperiment. 
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6.60 
7.W 
6.93 

2.10 
5.13 
i.16 

l a  

i 
2.98 
3.19 
3.19 
3.94 
3.94 I 

.10 
.lC 

7.70 
.10 
.01 

6.90 
6.90 
7.GO 
7.30 
3.09 
2.96 
2.86 
2.86 
5.65 
7.00 
2.64 
2.97 
6.40 
7.10 
2.77 
3.00 
6.20 
7.00 
2.58 
2.64 
7.10 

9.00 
9.00 
3.05 
3.01 
3.20 
8.23 
8.75 
2.86 
2.98 
2.98 
3.09 
3.09 
8.60 
8.80 
8.98 
2.90 
2.94 
3.11 
3.11 
3.22 
3.22 
2.74 

7.60 

Cb 

3.21 
3.23 
1.44 

.95 
-01 

1.27 
1.27 
1.48 
1.46 
4.37 
4.48 
4.42 
4.42 
3.50 
4.12 
1.54 
1.76 
3.77 
4.03 
1.45 
1.77 
1.80 
1.52 
4.25 
3.81 
3.67 

1.57 
1.57 
1.40 
1.43 
1.54 
1.33 
1.42 
4.03 
4.53 
4.53 
3.42 
3.42 
1.49 
1.51 
1.58 
1.43 
4.13 
1.74 
1.74 
4.37 
4 . i 7  
1.68 

3.88 

7.60 
7.60 
8.30 
8.30 
7.30 
7.40 
8.iO 

2.19 
2.19 
2.15 
2.15 
5.85 
5.56 
6.04 

7.90 
8.40 
8.80 
8.80 
9.70 

6.13 
6.13 
6.06 
6.06 
3.33 

, 

TABLE I .  - HCT CORRCSION RFSbLTS FOR 94 T t S T  BARS FROM REF. 1 ALONG WITt: ALLOY CHEMISTRY 

[Some chemist r ies upgraded since p u b l i c a t i o n  c f  Ref. 2. Div ided i n t o  2 Sets of 
n 8 78; p lus  16 a d d i t i o n a l  sacples.1 - 

Ho 

- 
5.00 
5.00 
5.c3 
5.03 
5.40 
5.40 
4.07 

.65 
.65 
.65 
.57 
.57 

4.90 
5.00 
5.00 
5.05 

.01 

.01 
1.33 

. O l  
5.04 
1.18 
1.18 
4.39 
1.45 
1.55 
4.38 
1.56 
1.56 
3.77 
1.35 
3.95 
1.65 
3.76 
1.52 
4.05 
1.66 
1.31 
4.49 
1 .so 
4.98 
3.63 
1.45 
1.33 
1.33 
3.97 
1.40 
1.49 
1.28 
4.03 
1.43 
4.36 
4.36 
1.58 
1.58 
1.36 
4.05 
1.46 
1.44 
4.66 
4.79 
4.79 
1.65 
1.65 
1.63 - 

- 
Bar 
NO. 

1 
7 
2 
3 
4 

1@ 
5 
6 
8 

11 
9 

14 
12 
13 
16 
15 
>O 
56 
21 
79 
69 
19 
37 
63 
52 
47 
30 
24 
60 
29 
41 
57 
73 
28 
72 
59 
70 
75 
34 
66 
20 
23 
61 
18 
46 
58 
78 
77 
74 
54 
33 
35 
48 
22 
32 
1 7  
43 
76 
27  
44 

38 
40 

- 

33 

- 
Cr 

- 
is. 1 
15.1 
14.9 
14.9 
14.76 
14.76 
15.37 
8.41 
8.50 
8.50 
8.40 
8.40 

15.10 
14.7 
14.7 
15.00 
13.50 
13.90 
1.40 

16.00 
13.80 
13.80 
13. IO 
13.30 
14.EO 
14.40 
14.30 
14.30 
13.20 
12 .oo 
14.00 
13.80 
13.50 
13.00 
15.10 
15.60 
13.50 
12.60 
14.50 
13.30 
8.20 
7.70 
8.00 
8.00 
7.30 
7.90 
9.20 

8.ao 

- 
A1 

- 
4.12 
4.12 
4.08 
4.08 
3.90 
3.90 
4.43 
5.54 
5.40 
5.40 
5.10 
5.10 
4.14 
4.10 
4.10 
4.05 
4.33 
3.94 
5.72 
4.94 
3.51 
2.21 
2.21 
2.13 
2.26 
2.19 
2.09 
2.20 
2.20 
2.28 
2.15 
2.28 
2.26 
6.64 
6.80 
7.19 
6.93 
7.13 
6.93 
7.04 
7.20 
3.29 
2.20 
2.34 
2.34 
2.18 
1.96 
1.97 

- 
T i  

- 
3.46 
3.46 
3.60 
3.60 
3.40 
3.40 
3.43 
1.03 
.86 
.86 
.98 
.98 

3.55 
3.61 
3.61 
3.51 
3.53 
3.40 
1.44 
1.89 
3.47 
1.27 
1.27 
1.25 
1.42 
1.40 
1.42 
1.54 
1.54 
3.10 
4.00 
4.30 
4.93 
1.37 
1.34 
1.33 
1.73 
4.02 
4.25 
4.72 
4.83 
1.25 
1.32 
1.39 
1.39 
1.28 
1.45 
1.63 
3.78 
3.88 
3.94 
4.25 
4.25 
4.72 
4.72 
1.43 
1.37 
1.51 
1.47 
1.51 
i .55 
1.55 
1.57 
1.57 
1.98 - 

I_ 

W 

- 

9.76 I 
10.50 
10.50 
10.20 
10.20 
0 

1 
5.85 
5.27 
9.26 

10.07 
.17 

9.13 
9.13 
3.13 
3.05 
3.03 
3.03 
3.07 
3.07 

10.11 
3.12 
9.32 
3.76 
8.55 
4.56 

10.59 
3.30 
8.94 
4.29 
8.56 
3.96 
9.04 
3.84 
2.93 
2.93 
8.17 
8.C2 
2.92 
7.56 
3.00 
8.14 
2.34 
2.34 
3.09 
3.09 
7.92 
4 . 0 ~  
3.11 
8.68 
3.33 
3.39 
3.39 
3.32 
3.32 
3.50 - 

- 
C:, 

- 
0.10 
0.10 

17.00 
17.00 
16.83 
16.83 
15.58 
9.76 
5 .oo 
5 .00  

.10 

.10 
4.30 

12.80 
12.80 
8.60 
9.50 
9.60 
9.38 
9.86 

14.03 
8.60 
8.60 
8.95 
9.05 
9.35 
9.12 
9.34 
9.34 
8.48 
8.82 
8.75 
9.20 

9.35 
9.03 
9.65 
9.W 
8.96 
9.16 
9.30 
8.93 
9.43 
9.61 
9.61 
9.32 
9.41 
9.97 
8.99 
9.16 
9.17 
9.58 
9.58 
9.00 
9-00 
9.37 
9.52 
9.71 
9.75 
3.99 
9.94 
9.94 
9.98 
9.98 

10.15 

8.74 

- 
xd 
A 

3.1 
1.5 
6.0 
0.4 

12.7 
13.4 
10.0 
32.7 
25.6 
Z f  .o 
34.1 
26.8 
3.6 

15.1 
16.2 
10.8 
4.1 
5.4 

22.0 
30.6 
22.6 

6.4 
3.2 
4.6 
2.0 
2.2 
1.6 
1.6 
1 .o 
1.6 

13.6 
1.2 
5.0 
2.6 

.2 
3.9 

26.3 
3.0 

.4 
2.6 
4.2 

10.8 
29.8 
17.6 
11.0 
19.6 
19.2 
10.7 
17.2 
10.8 
5.3 

15.2 
21.0 
6.6 

13.4 

- 

29.9 

A l l o y  

- 
1.04 
.04 
.04 
.04 
.02 
* 02 
.01 
.04 
.07 
.07 
.06 
.06 

'oi 
.09 
.09 
.10 
.ll 
.09 
.07 
.07 
.08 
.01 
.08 
.10 
.05 
.09 
.08 
.09 
.08 
.09 

7 

0.06 
.06 
.06 
.06 
.04 
.04 
.07 
.14 
.08 
.08 
.12 
.12 
.07 
.06 
.06 
.02 
.01 
.23 
.07 
.03 
.07 
.07 
.07 

.03 

.03 

.07 

.06 

.06 

.06 

.10 

.07 

.os 

.06 

- 
0.C3 

.03 

.03 

.03 
02 

.02 

.02 

.01 

.02 

.02 

.01 

.01 

U-700-A 
U-700-A 
U- 7CO 
u-700 
U-700 
u-700 
U-70C 
M-247 
M-247-0 
M-247-8 
M-247-A 
M - 24 7 -A 
U-700-8 
U-700-0 
U-700-0 
U - 7 0 0 4  
M-51 
M-52 
M-53 
M-M200 
U-700 
M -  1 
M- 1 
M-2 
M-3 
M-4 
M-5 
14-6 
M-6 
M-7 
M-8 
H-9 
M-10 
r l -11  
M-12 
M-13 
M-14 
K 15 
t4- 16 
M-17 
M-18 
M-19 
M-20 
M-21 
M-21 
M-22 
M-23 
M-24 
M-25 
M-26 
M-2 7 
M-28 
M-28 
M-29 
M-29 
M-30 
H-3 I 

M-32 
M-34 
M-35  
M-36 
M-36 
M-37 
M - 3 7  
M- 38 

.Q1 

.01 

.02 

.01 

.02 

.01 

.01 

.01 

.3i 

.01 

.01 

.01 

.01 

.10 

.31 
* 02 
.01 

1 

1 

.01 .02 .09 

.08 .01 .08 
3.06 0.02 0.07 
.10 -01 .04 
.07 .02 .37 
.06 .01 .07 
.09 .01 .07 
.09 .01 .ll 
.06 .02 .O€! 
.06 .01 .OS 
.09 .01 .07 
.09 .01 1 .07 
.08 .UL .07 
.08 -01 .06 
.08 I .01 .06 

.08 

.19 .07 

1 

I -" 
, ? 

.19 

.09 

i 
.07 
.06 
.06 
.04 
.04 
.OO 
.34 
a09 
.10 
.10 
0 20 

.02 

.01 

. O l  

.02 

.01 

.20 

.20 

.20 

.16 

.ll 
* 09 
.09 
.ll 
.11 .20 .20 
.13 I .01 1 .08 



W-- 

7.95 
q.10 
5.18 
8 .61  
8 .6? 
8.59 

I_ 

A! loy 

-- 
!4- 33 
M- 40 
u-4 1 
n-45 
H-42 
M-47 
H-44 
H-45 
H-46 
M-47 

tl-49 
M-50 

M-48 

------ 
TAZ-8P 
U-710 
X I - A  
M-42 1 
I U - E  
M-246 
xo- 1 
U- 700 
U-io0 
IN-738 
8-19OC 
TAZ-8A 
I N- loa 
M-211 
R-125 
TRO-R 

-----.I -- 

3.83 
1.49 
: . 4 7  
3.86 
?.8h 
i . 5 1  

Bar 
NC.  

26  
62 
6 8  
3 1  
42  
80 
67 
36  
51 
53  
45 
64 
71 

w78 

8 1  
82  
8 3  
84  
8 5  
86  
87  
88 
91  
89 
90 
92 
95 
94 
95 
96 

w94 

- 

- 

- 
I_ 

3.17 
2.85 
2.74 

-- .- 
Cr 

I- 

6 , 1 0  
6.96 
6.8G 
6.40 
6 .40  
7 .00  
7.60 
7.10 
8 .10  
7.90 
8 .20  
7 .70  
8 .90  

1C.63 

5.77 
17.88 

4.45 
18.02 
7.07 

10.70 
4.11 

15.07 
15.07 
15.95 
d.98 
5.94 
8.95 
8 .90  
8 .90  
8. IO 

13.57 - 

C,15 
1.72 
4.5'1 

A1 

- 
5 - 7 1  
6 .07  
6.37 
6.07 
6.07 
6.23 
6.55 
5.36 
6.47 
6.36 
5.00 
5.38 
4.45 

4.45 

6.60 
2.52 
4.85 
4.06 
4.87 
5.10 
5.94 
4.43 
4.43 
3.50 
6.21 
6.20 
5.77 
5.04 
4.70 
5.30 

4.55 - 

4.02 

8.7s 
0.0 
5.18 

7 

T i  

2.09 

2.20 
0.0 
4.63 

3.82 
4 .20  
4.07 
4.09 
4.G9 
4.29 
4.23 
4.39 
4.51 
4.42 
4,48 
4.74 
4.89 

2.31 

0.0 
5.34 

.87 
1.81 

.98  
1.80 

.87 
3.43 
3.43 
3.46 
1.12 
0.0 
4.81 
2.00 
2.60 

.83 

2.67 - 

5.21 
0.0 
0.0 
1.65 
4.44 
7.97 
0.0 
0.0 
3.70 

I4BLE ;. - Continued. 

4.76 
0.0 
0.0 
.8& 
.16 

2.45 
0.0 
2.92 
0.0 

- 
w 
I_ 

7.09 
8.61 
4.33 
4.00 
4.09 
3.56 
6.61 
10.32 
6 .93  
3.60 
3.44 
3.71 
3.43 

4 .86  

3.84 
1.34 
5.17 
3.45 
3.66 
0.0 
5.16 
0.0 
0.0 
2.97 

.48 
6 .20  
0.0 
4.88 
7.00 
4.00 

I - - - -  

- 

Ho 

3.39 
1.29 
4.14 
1.51 
1.51 
1.49 
4.14 
1.55 
1.59 
4.75 
4.79 
1.62 
1 .?7 

2 .64  

3.73 
3.00 
4.47 
1.71 
3.40 
0.0 
4.57 
4.07 
4.07 
1.70 

3.54 
3.03 
2.42 
1.90 
2.76 

2.17 

5 .e3  

- 

- 
co 

- 
9.34 
9 .36  
9 .45  
9.43 
9 .43  
P.60 
9 .73  
9.52 
9.81 
9.7G 

9 .89  
10.02 

9 .35  

0.9 
13.98 
10.14 

10.13 
11.30 
10.34 
15.58 
15 .58  
8 .35  

10.35 
0.0 

15.60 
10.2G 
9 .90  
7.95 

9 . 5 2  

9.88 

9 .aa 

- 

. l o  .oi 

.b8 -01 

.08 .01 
0.06 0.01 

- 0 9  .01 
.08 .01 
.09 . 0 1  
. i O  .01 
.IO .01 
.11, .01 
.10 - .31 

.oa .03 

.66 .01 
0.0 .01 

-10 .01 

2 . 0  
11.8 
16.3 
12.9 
27.5 
40 .8  
26.0 
11.1 
20.3 
18.1 
21.2  
46.9 
50 .7  

---e 

38.5 
1.9 

43.5 
6 .2  

59.8 
47.6 
52.0 
27.9 
16.7 

. 7  
46.7 
41.0 
54.9 
37.0 
26.8 
30.0 

---- 
- 

i 
i 
i 

i 



. _  . .-E- 

Bar  

1 
7 

2 
3 

4 
10  

8 
11 

9 
14 

13 
16 

19 
3 1  

24  
60 

\ 

%n 
3.1  
1.5 

6 . 0  
. 4  

12.7 
13.4 

25.6 
26.0 

34.1 
26.8 

15.1 
16.2 

6.4 
3.2 

1.6 
1.0 

TABLE 11. - REPLICATE 
TEST BAR RESULTS 

SELECTED FROM 
TABLE I .  

18 
4 6  

35 
48  

22 
32  

33  
38  

40 
49  

31  
42 

88 
91 

17.6 
11.0 

15.2 
21.0 

8.6 
13.4 

31.0 
30.9 

35.2 
54.1 

12.9 
27.5 

27.9 
16.7 

- -  

.. 
U- Tr ans 

0.176991 
.12278? 

.L4126' 

.0632Pia 

.364381 

.374?72 

,5305 00 
.53507 1 

.623589 
,534 145 

.399098 
.41423a 

.25762 
.179853 

.126831 
. IO0167 

.432920 
,338065 

.400492 
.476334 

.297632 

.374772 

.590500 
,589418 

.635147 
,826444 

.367374 

.552015 

.556485 

.42G98? 

-- 

: 
i 
, 

9 1  i 

r 

d 

I 



. .. 

~~~ ~ 

+O.C3986 I +1.12 12.7 +@.03976 

-.OX20 -3.45 .8 - .03556 
-.026S5 -2.82 j 6.0 -.02677 
-.02666 -5.43 1.4 -.02628 

5) C b  -.02267 -2.32 2.2 -.02311 
7 )  Ta -.02211 -3.90 8.6 -.02217 

-.01292 -2.48 2.2 -.01291 
10) A1.W -.00653 -2.45 2.8 -.lH)647 
11) A l e l a  -.OC610 -1.38 2.0 -.00609 

-.04791 -9.86 1 56.5 -.c4791 

---- + .00134 -------- ----- 8 )  co 

12) C r * W  +.00307 +2.01 2.8 + A0305 
13) M o * C o  +.00366 +1.89 1.9 +.00333 

a0 .39625 .39656 

S.E.E. t.1100 t.1108 
R 2  73.8 X 73.8 % 

T A R E  I l l .  - REGRESSIUN iiE>'A.?S rQR THE U - T R A N W R M  !U = sin'1(y/100)''2) AS A 

FUNCTION CF ALLOY COkPOSiTIOH I;* ut X OF A l ,  T i ,  CI., ;to, Cb; T a ,  W snd C o ,  

THEIR TWO FACTOR ICTERAC'IONS AYD QUADRATIC EFFECTS 45 WELL AS LENEAR 

EFFECTS OF C ,  Zr and R .  NUMBER OF DATA VALUES, n 8 78. 

+5.07 
-9.81 
-3.43 
-2.82 
-5.07, 
-2.3: - 
-3.88 

-2.46 
-2.40 
-1.96 

+.25 

+ 1.98 
*1.42 

2; 12 + cu - I Zf  8 12 I 

Zf 
R e j e c t i o n  
P rob. 

/ c o e f f i c i e n t  I T - s t a t  i X e x p l a l n e j  5 . 5 .  1 C o e f f l c l e n t  I 1 - s t a t  

:2 
..90, F = 

2.88 

X explatnea S . S .  

12.6 
56.6 

.8 
6.0 
1.4 
2 .2  
8.5 
1.3 
2.1 
2.7 
2.0 
2.7 
1.1 

I 
I 

ZINIT\A~ 47 terms w i t h  R2 = 89.1 X ar.d S.E.E. = 0.1045; t o t a l  swn o f  squares ( i . e .  
v i r  z i l i t y )  = 3.00070. 

-- 

, 
! 

. 



'7 
1 

1.5 
6.0 
0.4 

12.7 
13.4 
10.0 
32.7 
i5.6 
26.0 
34.1 
26.8 
3.6 

?5.1 
18.2 
10.8 
4. I 
5.4 

72.0 
30.6 
22.6 

6.4 
3.2 
4.6 
2.0 
2 .2 
1.6 
1.6 
1 .o 
1 .o 

13.6 
1.2 
5.0 
2.6 

.2 
3.9 

E'..3 
T .o 

4 
..6 I 
4. i 

TABLE I V .  - REGRESSlON RESULTC FOR THE U-TRANSFORV and %A VALUES OEPiVES 

FROM THE REGRESSION COEFFi . . ' €KTS I N  TABLE FOR THE n - 78, DATA X T .  

.122& 

.2$75 
,0633 
.2644 
.3748 
.3218 
.6087 
,5305 
.535 1 
.6236 
.5441 
.1909 
.399 1 
.4142 
,3:49 
.2039 
-2345 
.4882 
.Sa62 
- 4954 
.2558 . ! 799 
.2162 
.1419 
.I409 
,1268 
.I268 
.lo02 . looL' 
.3777 
-1098 
.2255 
.1620 
.OS47 
.1988 
.5385 
.174? 
.0633 
.1620 
.2064 

A 1  loy 

lC.d 
29.8 
17.6 
11.0 
19.6 
18.2 

U - 7 0 0 - A  
u - 700 
U.*!OO 
u-700 
U-700 
u-700 
u-700 
M-247 
R-247-8 
M-247-0 
M-247-A 
M-247-A 
u-7 .m-8  
U-700-0 
L'-?OO-D 
U-NO-C 
K-5 i 
M-52 
M-5'3 
M-M-200 
3-700 
M- 1 
n-: 
M-2 
K-3 
n-4 
H-5 
M -6 
M-6 
n-7 
Y-P 
3-F 
M- ii) 
M-11 
M-12 
M-13 
M-14 
H-15 
M-I6 
H - 1 7  
M - ? 8  

a19 
1+20 
n-2 1 
u-2 1 
F-22 
H-23 
M-24 
M-25 
k-26 
M-2 7 
M-28 
H-28 
M-29 
M - 2 9  
K- 30 
M-3 1 
M-32 
#-34 
H-35 
M-36 
P-36 
n-3 7 
M-37 
M-38 
M-39 
M-40 
-. 

.3349 
5175  

.4329 

.338 1 

.4586 

.4536 

Bar No. 

'I 
7 
2 
3 
4 

10 
5 
6 
8 

11 
9 

14 
12 
13 
16 
15 
50 
56 
21 
7 4  
69 
19 
37 
63 
52 
a 7  
30 
2 4  
LO 
29 
41 
57 
'3 
28 
72 
59 
70 
7 5  
24  
66 
20 
23 
€ 1  
18 
46 
58 
7% 
77  
7 4  
54 
39 
35 
48 
22  
32 
1 7  
43 
76 
2 7  
4 4  
33 
38 
40 
49 
65 
26 
62 

17.2 .4276 
10.8 
5.3 

15.2 
21 .o 

8.6 
13.4 
25.0 
24.7 
56.7 
29.4 
39.4 
31.G 
30.8 
35.2 
54.1 
29.9 

2.9 
11.8 

.I349 
- 2 3 2 3  
.4w; 
,4767 
.?976 
,3744 
,5236 . S2C 1 
.e526 
.5731 
.68r)6 
.5905 
.5891 
.6351 
.e264 
.5705 
. 1 7 1 1  
.3507 -- 

0.1968 

.?448 

.3448 

.I553 

.3503 

.3544 

.5666 
.5644 

I644 
.866 

.5866 
.2345 
-5227 
.3227 
.2673 
.3354 
.2925 
.4152 
-5581 
.21€3 
.1949 
.1949 
-2399 
,2222 
.lo52 
.I291 . ;3G7 
.1307 
.lo40 
.1381 
.I101 
.loo1 
.0942 
.3498 
-1427 
.4427 
. le73 
.1647 
.2075 
,2114 
.3163 
.0465 
.4919 
.49;9 
.4732 
-4307 

,3785 
,4632 
.3304 
.4131 
.a131 
.3574 
.357r, 
, 4 5 1 '  
.5mz 
.6147 
.5736 
.5818 
.597 1 
.597 1 
.6655 
I 6655 
.7643 
.3323 
* 3474 

. w e  

~ $ 5 0  

-- 

0.1905 
.I905 
.3482 
.3495 
.3528 
,3528 
,3591 
.5723 
.56U9 
.5609 

'. 5729 
,2305 
.3231 
.32?7 
.2660 
.3363 
.2934 
.4195 
.5636 
,2164 
.1956 
.1956 
.239A 
.?224 
.lo39 
.I280 
.I304 
,1304 
.?033 
e 1360 
. l lOl 
.loo2 
.0346 
.3489 
-1452 
.442a 
.1884 
,1632 
.?068 
.2388 
.3172 
.e469 
.4931 
.4931 
.4?56 
.4337 
.4473 
,3795 
.4625 
.3311 
. 4 1 ? 4  
.A114  
.3560 
.3560 
.4545 
.5006 
,6156 
.F779 
.sa09 
.!I972 
.5912 
,665q 
.6653 
.7656 
.3327 
.350 1 

.5729 

-- 
% A  E S T .  

3.58 
3.58 

11.65 
11.65 
11.93 
11.94 
12.35 
29.33 
28.30 
28.30 
29.38 
29.3; 
5.22 

10.12 
10.12 
6.91 

10.89 
3.36 

16.56 
28.54 
4.69 
3.78 
3.78 
5.64 
4.86 
1.08 
; .63 
1.69 
1.69 
1.06 
1.64 
1.21 
1 .oo 

.89 
11.66 

2.39 

3.5? 
2.64 
4 .22  
4.30 

i e  33 

9.73 
18.57 
9 '  41 
22.4 1 
20.97 
17.66 
18.71 
13.72 
19.90 
10.57 
15.99 
15.99 
12.15 
12.15 
19.28 
23.03 
33.34 
79.84 
30.12 
31.62 
31.62 
38.15 
38.15 
40.04 
11.51 
11.76 

I 
,- 

'L 

1 

1 

1 

, 

1 



88 
91 
89 
90 
0 2  
93 
94 
95 
96 

4 

TABLE J V .  - Continued. 

16.Z 
12.3 
27.5 
40.8 
25.0 
11.1 
20.3 
18.1 
21.2 
46 9 
50.7 -- 

.4156 

.3574 

.5520 

.6929 

.535 1 

.3397 

.46?4 
.4 394 
. 4 w  
.7544 
.7924 -- 

.4380 
.5254 
.5254 
.5737 
.453i . ;283 
.5439 
,4920 
,4980 

.6419 

.62e2 

-- 

17.96 
.5245 25.06 
.5245 25.C8 

23.45 
19.30 

.3304 !0.55 

.5460 -75.37 
22.13 

.4972 22.75 
-6273 34.45 
.6422 35.87 

M-49 64 
H-50 71 

r 

TABLE V .  - ESTIMATES OF THE U-TRANSFORN AND XJA VALUES FOR THE 

16 EXTRA RUNS B4SED ON ',HE 13 REGRESSION COEFFIClESiS FCJH 
TABLE I i i  DERlVED FROM IHE r! = 78 D4TA SET. 

A !  loy 

-- 
TAZ-8P. 
U-710 
X 1 - A  
nu-42 1 
I f - €  
HM-246 
XD- 1 
u-700 
u- 700 
IN-738 
8- 1900 
TAZ-8A 

M-2: 1 

TRW-R 

In-1004 
a-12s  

U-trans.  
OBS 

38.5 
1.9 

43.5 
6.2 

59.8 
47.6 
52.2 
27.9 
16.7 

.7 
46.7 
41.0 
51.9 
37.0 
26.8 
30 0 -- 

0.6694 
.1383 
.7202 
.2516 
.a840 
.7614 

.5565 
.4210 
.0838 
.3524 
.6949 
.8345 
.€539 
,5441 
.5796 

.a054 

0 . m 3  I 31.91 - .036 1 
.624 7 
.1685 
.6324 
.7825 
.6428 
.3591 
.35F 1 
.1707 
.6796 
.4701 
.8226 
,7997 
.W46 
.6295 

.13 
34.20 
2.81 
34.93 
49.71 
35.93 
12.35 
12.35 
2.89 
39.50 
20.52 
53.72 
51.43 
23.38 
34.66 

i 

i 

aV content  n o t  fac tored  i n .  

: 



TABLE VI .  - REGRESSION RESULTS FOR THE U-TRANSFORM ( u  = s in-1(y/100j1’2) 
AS A FUNCTION OF ALLOY CWPObITIOlc I N  w t  x OF A l ,  T i ,  C r ,  Wo, Cbr l a ,  W 

ANI Co, TYEIS TWO FACTOU INTERACTIOdS AN0 QUADRATIC EFFECTS AS UELL AS 

LINEAK EFFECTS O f  C, L r  and B. NUMBER OF OATA VALUES, n = 94. 

L f  = 12 

S expla ined S.S. T-Stat X e r p l r i n e d  S.S. 1 - s t a t  

+5.91 
-10.78 
-5.09 
-;.67 
-6.53 
-1.70 
-4.20 

-2.34 
-2.94 
-2.53 
-1.88 
+2.26 

------ 

-- 

Coef f i c I c n t  

4.04372 - .04587 - .OS012 
-.02226 
-.02563 
-.01631 - .02079 
+.r)o829 
-.01220 
-.00721 - .OO649 
-.00075 
+ .027 10 

.36990 

- 

79.3 I 
t.1071 

13 

1) A1 
2; Cr 
3 )  T i  
4 )  
5 )  h 
6 )  Cb 
7 )  Ta 
6 )  t o  
9 A l * h  

101 A l * Y  
11) Al*Ta 

13) T i  
40 

R 2  

12) W$O 

5.E.E. 
lf 
l e  jec t i on 
’rob. 

8.5 
60.7 

9.8 
2.6 
1.7 

.1 
a. 3 ---- 

.7 
3.1 
2.2 
1.8 

. 5  

6.85 
-10.93 
-5.47 

v -2.82 
4 . 7 9  
-2.06 
-4.25 
+1.83 
-2.46 
-2.91 
-2.39 

-.76 
2.81 

8.5 
60.0 
9.7 
2.8 
1.7 

. I  
7.4 
2.2 
.8 

2.9 
1.9 
.8 

1.1 

+0.01470 - .04590 

-.02142 - .02803 - .013:3 - .02085 

-.01178 - .@I739 
-.00494 
-.W164 
+ .02038 

.37949 

- . o m 9  

-------- 

78.5 x 
t - 1 ~ 8 7  

12 
s.90, F = 
2.88 

! 

ZIN[TIAL 4 terms w i t h  4’ = 88.: percent  and S.E.E. = 0.1071; t o t a l  5um o f  squares 
(1.e. v a r i a b l i l i t y )  = 4.44332. 

fABLE VII. - F S T I M T E S  0) TEE V-TRANSFORM AND X AA VALUES FOR THE 

16 EXTRA RUNS BASED ON THE 13 REGRESSION COEFFICIENTS FROn 
TABLE VI DERIVED FRQM THE n = 44 DATA s t r  

A l l o y  X AA-EST 
Z = 12 + t o  (13) 

Bar 
No. 

31 
8? 
83 
84 
85 
46 
Q 7  
E-3 
91 
89 
90 
92 
93 

- 
U-trat,s-EST 

2 8 ?2 + Co (13) 

TAZ-BA 
U-710  
X I - A  
HM-42 1 
I V - E  
WM-246 
xo- 1 
U-700 
U- 70!; 
Ih-738 
8-1900 
TAZ-8A 
I N - l O @  
MM-21 I 
R-125 
TFk-R 

O.,j36 
.1232 
.7102 
. le30 
. a 2 1  
,7630 
,7308 
.3995 
.3995 
.1298 
.6989 
.6636 
.e718 
,7407 

,666 1 
.a482 

44.83 
1.51 

42.51 
3.31 

39.74 
47.76 
44.55 
15.13 
15.13 

1.67 
41.39 
37.94 
58.60 
45.54 
ie.78 
~ . i a  

59.8 
47.6 
52.0 
27.9 
16.7 

- 7  
46.7 
41.G 
54.9 
37.0 
26.8 
30.0 

’ .8054 

.42’0 

.a838 
. 7 5 4  
.6949 

.6539 
~ 4 4  I 

.5796 

1 -5565 

.a245 

ak content  no t  f ac to red  i n .  



TABLE V11 I .  - AhALYSlS OF YRRIANCE "YOVA) SUWARY FOR 

n 8 94 OATA SET; Z i  = 13 SHJslNG SOURCES 
OF VARIAT!ON IhCLUOlIJG LACK OF F I T  

OF THE ESTIMATING EQUATION 

I k e g G s i i o n p  

I Re~~~~:i:t~~,ta 
I 

13 3.525% 0.2? 118580 
80 .9179CI .O 11473788 

(65)  ( .B36049,. ( .01289307) 
(15)  ( .07985332) ( .00532355) 

I T o t a l  I 93 \ 4.4433185 I 

Fixed 

l e v e l  

8 

16 
l2 

8 
12 
i b  
8 

1 C r  

L 12 16 

I 
1 

Fixed Optimum l e v e l s a  f o r  minimum at tack  Est imate Attack 
co ' % U-trans. X AA 

l e v e l  W Cb T i  no l a  A 1  

0 5 0 4 5 1 0 7  0.1678 2.79 
0 
0 
5 

10 -.0156 20. 
5 !  5 10 -.1991 'lo. 

.I913 3.62 

.W78 .o: 

.2121 4.43 
-.1757 'lo. 

.0286 .oe i .  -.1549 'lo. 

10 

Z j  
1u 

10 IO 1 C l l  

dThe lack o f  f i t  term appears t o  be s i g n i f i c a n t  so an 

bTn's - r a t i  > 2.15 f o r  (1 -0)  = 0.95 b u t  e 3.04 f o r  

a t t - t  t o  fmorove the  w e 1  ar,d/or drop sane o c t l i e r s  
*rould be i n  K d e r .  

(Ids * .89 

Tb8LE I X .  - APPROXIHATE OPTIHAL COnPOSIlON LEYELS FOR HST CORROSION 

RESISTANCE FOR ui-BAS'; TURBINE ALLOYS A T  FIXED LEVEL3 OF C r  AKO Co 
[To ta l  r e f r a c t o r y  metal l e v e l  f W  + Cb + l a  Mo) not  t o  exceed 

N = 94 SET. fr = 13.1 
20 w t  X. C o e f f i c i e n t s  used from Table V I I ,  

a:evels scanped: 

6.5. :. ( j 3 l j  c h i n a t i o n s  scacned f o r  minimum U-trans. a t  each f i x e d  
C r ,  Co l e v e l  ) 

U - 0, 5, :C; Cb - 0, 2.5, 5; T i  - 0, 1, 2, 3, 4, 5; 
NO - 0, 2.5, 5; Ta - 0, 5, 10; A1 - 2, 2.5,  3 .  3.5, 4 ,  4-53 5 ,  5 . 5 ,  6 ,  

;' i 



I n =78Data sat 

B A l l y s  with varying Co 
(U-m MAR-M-247) 

stimdard residuals > f 2 0 

0 .1 . 2  , 3  .4 . 5  . d  . I  .a . 9  1.0 
U-transform, observed 

Figure 1. - Derived U-transform from the ri?ducsl l 3 t e r m  estimating 
equation ks. U-observed for the n 78 set Vector lines represmt 
the perfect fit l ine f one standard deviatlm. 

0 Bar numbers 1 to 80 I Shaded symbd(s1- possible outlier 

L 

I I I 1 I 

8 ,o g -.+ 
. 72 b 3 - . 4 1  I I 1 o .1  . 2  . 3  . 4  . 5  6 . I  .a .9 1.0 

U-transform, estimate 

Figure 2 - P l d  d residuals from the regression 'i! In figure 1. Symbols 
vary randomly abut  0 a! a functlon of the U-transtorm estimated. 

i 

i 



I 

0 Factorial alloys (M-series) 
Alioys with varyhg Co 

Shaded syrnbd(s1- possible outliers as 
(U-704 MAR-M-247) 60 

50 
indicated in figure 1. and 2 

340 
E 
530 
a 
4 
* 2 0  

10 

0 5 10 i 5 2 0  25 U 3 49 45 M 55 60 
ZAA, observed 

figure 3. - %AA values obtained from tho derived U-transform Miues 
s h m  in figure 1 platted against the originai ZAA observed MILS, 
Vecctcr lines represent the p r f e d  fit l ine f m e  average deviation. 

0 Bar numbers 81 to 96 
Shaded syrnbolkl - posslble outliers 
StA?dard residuals > 2 0 

U' 
0 . I  . 2  . 3  .4  . 5  .6  . 7  . 8  .P 1.1) 

U-transform, observed 

figure 4. - Derived 9-transform from the reduced I s t e r m  estimating 
wuation from the n 78 vs U-absamd values frw bar numbers 81 to 
')o to test t>e predictability d the regression eq;latlm. Vector lines 
fejxesent the perfect l ine f one S::~,,~.U deviation. 

? 

i i  

i 

I 



60 

50 

i 
220 

10 

0 

0 Bar numbers 81 to 96 
Shaded symbo;(sl- possible outlier as 

%AA, observed 

Figure 5. - W 6 A  values oWained from the derived U-transform values 
j h m  in figrlre 4 plotted against the %AA Atserved values fw bar 
numbers 81 3 96 Vector lines represent the perfect fit line f one 
average deviation. 

Bar numbers 81 to 96 

Shaded rymbd(s1- possibie outlier 
>i2-s!andard deviations 

0 .1 . 2  . 3  . d  . 5  . 6  . I  .8 . 9  1.0 
:J-transfor!n observed 

figure 6. - Derived il-transform from the reduced 1f:erm estimating 
aquat!ons & r i d  from the n - 78 and n $4 data sets, rerpectively, 
vs the U-obserwd valires far bar numbers 81 !o 96, Vector lines 
represent the perfect 111 line f one standard devidlon from the 
n - la data s e t  

'. 

c 

1 

t <, 
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t 

i 
! 

Bar numbers I 1  to % 
o n 78 data sst 
an=Wdataset 
Shad4 symMbt - possible outlier 

0 5 1 0 1 5 2 @ 2 5 3 0 3 5 4 0 4 5 5 0 5 5 6 0  
%AA, observed 

Figure 7. - %AA values obtained from the derived U-transib-n values 
comparing the estimates pMed in figure 5 (shown as circles fsr the 
n 78 data set) and the %AA values from figure 6 flhe n W data 
set plotted against the %AA observed values for bar numbers 81 to 
%). Vector lines represent the perfect fit line f one average &vi- 
atlon from the n * 78 data set  

-. 3 *@. 
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